Rhizobium loti strains NZP2037 and NZP2213 were each found to contain a single large plasmid : pRlo2037a (240 MDal) and pRlo2213a (1 20 MDal), respectively. Plasmid DNA present in crude cell lysates of each strain and purified pRlo2037a DNA did not hybridize with pIDl, a recombinant plasmid containing part of the nitrogen fixation (nif) region of R. meliloti, indicating that nifgenes were not present on these plasmids. The transposon Tn5 was inserted into pRlo2037a and this plasmid was then transferred into R. leguminosarum, R. meliloti and Agrobacterium tumefaciens. All transconjugants failed to nodulate Lotus pedunculatus, suggesting that the ability to nodulate this legume was also not carried on pRlo2037a. Transfer of pRlo2037a to R. loti strain NZP2213 did not alter the Nod+ Fix-phenotype of this strain for L. pedunculatus. Determinants for flavolan resistance, believed to be necessary for effective nodulation of L. pedunculatus, were not carried on pRlo2037a. These data suggest that nodulation, nitrogen fixation and flavolan resistance genes are not present on the large plasmid in R. loti strain NZP2037.
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I N T R O D U C T I O N
Large plasmids greater than 100 MDal in size have been found in the fast-growing Rhizobium species R . trifolii, R. leguminosarum, R. phaseoli and R . meliloti (Nuti et al., 1977; Casse et al., 1979; Hirsch eta/., 1980; Rosenberg et a/., 1982) and also in the slow-growing Rhizobium species R . japonicum (Gross et al., 1979 ; Haugland & Verma, 198 1 ; Cantrell et al., 1982 ; Masterson et al., 1982) . In some strains, plasmids carry the genes coding for nitrogenase (nifgenes) (Nuti et al., 1979 ; Prakash et al., 198 1 ; Banfalvi et al., 198 1 ; Rosenberg et al., 198 1 ; Hombrecher et al., 198 1) as well as genes necessary for nodulation (nod genes) Zurkowski & Lorkiewicz, 1979; Brewin et al., 1980) .
On the basis of DNA :DNA homology studies, fast-growing rhizobia that nodulate Lotus species have been assigned to a new Rhizobium species, Rhizobium loti (Jarvis et al., 1982) . These rhizobia have been extensively studied (Jarvis et al., 1982) but no reports concerning the presence of plasmids in these bacteria have appeared.
Studies with two strains of R . loti, NZP2037 and NZP2213, have shown that the ability of NZP2037 to form effective nitrogen-fixing (Nod+ Fix+) nodules on Lotus pedunculatus is correlated with resistance of this strain to the flavolan (condensed tannin) present in the roots of this Lotus species (Pankhurst et al., 1979 . Strain NZP2213, which forms Nod+Fix-nodules on L. pedunculatus, is sensitive to flavolan (Pankhurst et al., 1979 . It was of interest therefore to examine NZP2037 and NZP2213 for their plasmid content and to determine whether resistance to flavolan was a plasmid-borne character that could be transferred from NZP2037 to NZP2213. 
METHODS
Bacterial strains and plasmids. These are described in Table 1 . Bacterial manipulations. Bacteria were grown in complete (TY) medium (Beringer, 1974) or in the minimal medium of van Egeraat (see Broughton et al., 1980) supplemented as required with @g m1-I) rifampicin, 100; streptomycin, 500; kanamycin, 200; neomycin, 100; or 5-fluorouracil, 20. Bacterial crosses were performed as patch matings as described by Banfalvi et al. (1981) . Noduiation tests were carried out on Lotuspedunculatus and L. tenuis. Plants were grown in axenic culture conditions (Pankhurst, 1981) in a growth room with a 12 h photoperiod (light intensity 150 W m2) and temperatures of 24 "C day and 20 "C night. Nitrogen fixation was measured by the reduction of acetylene to ethylene. Isolation of flavolans and tests for flavolan resistance of rhizobia were performed as described by Pankhurst et al. (1979) .
Physical analysis ofplasmids. Plasmids were analysed on agarose gels by the method of Eckhardt (1978) as modified by Banfalvi et al. (1981) . For the large-scale isolation of plasmid DNA from R . loti strain NZP2037, the method of Rosenberg et al. (1982) was used.
Total DNA. Total DNA was prepared from 50ml bacterial culture grown to late-exponential phase. The bacteria were harvested by centrifugation and resuspended in 25 ml TEN buffer (50 mM-Tris/HCl, 20 mM-EDTA, 50 mM-NaC1, pH 8.0). SDS and proteinase K were then added to 1 % (w/v) and 200 pg ml-1 final concentrations, respectively. After 3 h incubation at 37 "C, the lysate was extracted three times with an equal volume of phenol equilibrated with TEN and then three times with chloroform. Nucleic acids were precipitated with two volumes of ethanol and 0.3 M-sodium acetate at -20 "C. The DNA was washed with cold (-20 "C) 75% (v/v) ethanol, dried and dissolved in TE buffer (10 mM-Tris/HCI, 1 mM-EDTA, pH 8.0). The DNA was digested with the restriction endonuclease EcoRI (purchased from Bethesda Research Laboratories) and electrophoresed on 0.8 % (w/v) agarose (Seakem) gels according to Helling et al. (1974) . The DNA fragments were stained with ethidium bromide and photographed in UV light.
Southern blotting and hybridization. DNA probes were labelled to a specific activity of 1-5 x lo7 c.p.m. (pg DNA-') by nick-translation (Maniatis et al., 1975) . DNA fragments separated on agarose gels were transferred to nitrocellulose filters according to Southern (1975) . The transfer from 'Eckhardt gels' of high molecular weight plasmid DNA was facilitated by illumination of the gel with UV light (Sylvania, F6T5-BLB lamp, for 10 min at 10 cm distance) and partial depurination by soaking the gel in 0-25 M-HCl for 15 min (Wahl et al., 1979) prior to denaturation. Prehybridization treatment of the filters was overnight at 42 "C in a solution containing 3 x SSC, 50% (w/v) formamide, 50 mhl-sodium phosphate buffer pH 7-0, 10 x Denhardt's solution (Denhardt, 1966) and 500 pg ml-1 denaturated calf thymus DNA (1 x SSC is 0.15 ~-NaCl/O.015 M-trisodium citrate, pH 7.0). Hybridization was for 3 6 4 8 h at 42 "C in the same solution supplemented with the heat-denatured hybridization probe (1-5 x lo6 c.p.m. ml-l). After hybridization, the filters were washed four or five times in 0.1 x SSC/O*l% (w/v) SDS at 50 "C, rinsed with 0.1 x SSC, dried and exposed to Kodak X-Omat R film with or without Kodak XOmatic regular intensifying screen at -70 "C, as required.
R E S U L T S
IdentlJication of plasmids in R. loti strains NZP2037 and NZP2213 Using the Eckhardt agarose gel procedure a single plasmid band could be seen in both NZP2037 and NZP2213 (Fig. 1 a) . Simultaneous electrophoresis of Rhizobium, Agrobacterium and Pseudomonas strains containing plasmids of known molecular weight permitted an estimation of the size of pRlo2037a (240 MDal) and pRlo2213a (120 MDal).
To determine whether pRlo2037a and pRlo2213a contained genes for nitrogen fixation, a Southern blot of an Eckhardt gel containing pRlo2037a and pRlo2213a and plasmids from other Rhizobium strains was hybridized with a 32P-labelled probe (pID1) which contains part of the nif structural genes of R. meiiioti strain 41 (Banfalvi et ai., 1981) . Strong hybridization was observed with the large plasmid (310 MDal) of the fast-growing Rhizobium sp. strain MPIK3030, but no hybridization was detected with either pRlo2037a or pRlo2213a (Fig. 1 b) . The pIDl probe hybridized strongly with DNA trapped at the top of the gel in the two lanes containing pRlo2037a and pRlo2213a (Fig. 1 b) . Identical results were obtained in repeated experiments, suggesting that nifis carried either on the chromosome or on a larger undetected plasmid in these two rhizobia. To confirm that these rhizobia do contain DNA sequences homologous to the nifgenes contained on pIDl, the hybridization was performed against total NZP2037 DNA and purified pRlo2037a DNA digested with EcoRI (Fig. 1 c) . A single strong hybridizing band of 4.2 kb was shown for the total DNA but no hybridization was found for the purified pRlo2037a DNA (Fig.  1 d) . A similar result was obtained when isolated nifD and nifH sequences [contained on SmaI and Hind111 fragments of pIDl (Banfalvi et al., 1981) ] were used as hybridization probes. Also, no hybridization between EcoRI-digested pID 1 DNA and nick-translated pRlo2037a DNA was observed (data not shown).
Insertion of the transposon TnS into pRlo2037a To facilitate the identification and manipulation of pRlo2037a we attempted to label the plasmid by inserting the transposon Tn5 into it. Initial attempts were made by mating strain PN4002 with E. cofi strain 1830 [which contains the Tn5-carrying plasmid pJB4JI (Table l) ] and selecting for transfer of kanamycin (Km) and neomycin (Nm) resistance to PN4002. In this experiment KmRNmR derivatives of PN4002 arose at a frequency of 1 x lo+. Of 100 separate progeny colonies from this cross, 45 were found to carry gentamicin (Gm) resistance in addition to KmR and NmR while 55 were GmS. The large number of progeny carrying GmR suggested that pJB4JI was able to survive in PN4002. This was confirmed by Eckhardt gel analysis of several GmR and GmS progeny. In every case a plasmid of the size of pJB4JI (GmR) or smaller (GmS) was found in the progeny examined (data not shown).
In a second series of experiments, we transferred the recombinant plasmid plOl1, constructed by R. Simon, into PN4002. Plasmid plOl1 is a pACYC184 derivative containing the mobilizing (mob) region of RP4, Tn5 and chloramphenicol (Cm) resistance. The frequency of transfer of plOl1 into PN4002 was 1 x
No plasmid band corresponding to plOl1 or a smaller plasmid was seen in Eckhardt gels of several progeny colonies examined. This suggested that plOl1 had either not survived in PN4002 or had became integrated into the PN4002 genome. To identify a derivative of PN4002 carrying Tn5 in pRlo2037a, 50 progeny were used as potential donors in crosses with strain PN4100 [a rifampicin-resistant, 5-fluorouracil (5fu) resistant derivative of NZP22131 with selection for transfer of KmR NmR. One strain, PN4005, was found to transfer KmR NmR at a frequency of 1 x to PN4100. Strain PN4005 formed Nod+ Fix+ nodules on L. pedunculatus identical to those of the parent strain PN4002.
Transfer of pRlo2037a to other rhizobia and Agrobacterium tumefaciens Selecting for transfer of KmR NmR, pRlo2037a could be transferred into R. loti strain PN4100 and into R. meliloti strains AKll68 and AK1188 (Table 1) at a fairly high frequency ( Table 2) . The presence of pRlo2037a in these bacteria was confirmed by Eckhardt gel analysis of several of the transconjugants (Fig. 2) . In several of the PN4100 transconjugants the resident plasmid (pRlo2213a) had disappeared and only pRlo2037a was present. These transconjugants had the Rif 5fuR marker of the PN4100 parent strain and were streptomycin sensitive, indicating that they were not RifR5fuR mutants of PN4005.
A low level of transfer of KmRNmR from PN4005 to R. leguminosarum strain 6015 was also obtained (frequency about 1 x This strain is a Nod-deletion mutant of strain 300 . On the Eckhardt gel it was shown to contain five plasmids (Fig. 2, lane  6) . In eight KmRNmR derivatives of 6015 examined no plasmid band corresponding to pRlo2037a was visible, while the second smallest plasmid in 6015 had disappeared and the largest plasmid in 6015 was more brightly stained (Fig. 2, lane 7) . One possible explanation for these observations is that pRlo2037a has recombined (or cointegrated) with the missing 6015 plasmid to form a large recombinant plasmid that co-migrates with the largest plasmid in 6015.
Transfer of KmR NmR from PN4005 into Agrobacterium tumefaciens strain GV3 101 also occurred at a low frequency (Table 2) . Strain GV3101 contains a single plasmid 270 MDal in size (Prakash et al., 1981) . Perhaps because of the similar size of pRlo2037a and the GV3101 plasmid we were able to detect only a single plasmid in the KmR NmR derivatives of GV3101 examined (Fig. 2, lane 9) .
Transfer of a Rhizobium loti plasmid To confirm the presence of pRlo2037a DNA in both the 6015 and GV3101 transconjugants, total DNA was isolated from several derivatives and the parental strains, digested with EcoRI and hybridized with 32P-labelled nick-translated pRlo2037a DNA. The 6015 and GV3 101 transconjugants showed a hybridization pattern similar to that obtained for PN4005, indicating that pRlo2037a DNA was indeed present in these bacteria (Fig. 3) .
Strain PN4005 was unable to transfer KmR or NmR to E. coli strain AK529 (frequency less than Nodulation tests Transconjugants from all of the crosses performed were tested for their ability to nodulate L. pedunculatus. The R. rneliloti, R. leguminosarum and A . tumefaciens transconjugants all failed to induce root hair curling and subsequently to nodulate this host (Table 2) . Furthermore, Table 3 . Sensitivity of R . loti strain PN4100 transconjugants containing pRlo2037a to
L. pedunculatus root javolan
Growth (after 48 h) in the presence of flavolan is expressed as a percentage of growth in medium containing no flavolan. Each value is the mean of four determinations. Rhizobium strain PN4101 is a PN4100 transconjugant containing both pRlo2037a and pRlo2213a. PN4107 is a PN4100 transconjugant containing pRlo2037a only.
Relative growth in presence of flavolan at concn shown (pg ml-'): Rhizobium transconjugants of PN4100 containing pRlo2037a either alone or in addition to pRlo2213a remained Nod+ Fix-. When these same derivatives of PN4100 were tested on L. tenuis (a host on which PN4100 forms Nod+Fix+ nodules) all of the derivatives were Nod+Fix+.
Resistance to ffavolans It has been reported that the inability of R. loti strain NZP2213 to form Nod+ Fix+ nodules on L. pedunculatus is due to the sensitivity of this strain to the delphinidin-rich flavolan present in the roots of this plant (Pankhurst et al., 1979) . In contrast, NZP2037, which forms Nod+Fix+ nodules on this host, is resistant to the flavolan. To test whether determinants coding for flavolan resistance were carried on pRlo2037u, several PN4100 derivatives carrying pRlo2037a were tested for their in vitro sensitivity to the L. pedunculatus root flavolan (Table 3) . In all cases the PN4100 derivatives were as sensitive to the flavolan as the parent strain, indicating that pRlo2037u does not carry flavolan resistance.
DISCUSSION
Rhizobiurn loti strains NZP2037 and NZP2213 were each found to contain a single large plasmid. Plasmid DNA present in crude cell lysates of each strain and purified pRlo2037a DNA did not hybridize with pIDl ( Fig. 1) indicating that at least the nifHand the nifD genes were not located on the plasmid but elsewhere in the bacterial genome. This is of interest as nifgenes have been located on a plasmid in strains of R. trifolii, R. legurninosururn, R. phaseoli (Nuti et al., 1979; Prakash et al., 1981 ; Hombrecher etal., 1981) and R. meliloti (Rosenberg et al., 1981 ; Banfalvi et al., 1981) . With slow-growing R. japonicum however, Haugland & Verma (1981) and Masterson et al. (1 982) have found that plasmids in the strains so far examined do not harbour nifgenes. Our failure to detect hybridization between pID 1 and the transferred condensed closed circular plasmid bands of pRlo2037a and pRlo2213a (Fig. 1 b) could have been due to the concentration of nifDNA in these bands being too low to allow significant hybridization. Also it is not known how homologous R. loti nifDNA is to R. rneliloti nifDNA. However, the detection of significant hybridization between pIDl and EcoRI-digested total DNA of NZP2037, together with lack of hybridization between pIDl and purified pRlo2037a (Fig. 1 d) , suggests that significant homology between pIDl and the NZP2037 nifDNA exists and that these sequences are not present on pRlo2037u. Dr B. Scott (personal communication) has also failed to detect hybridization between pRlo2037a, pRlo2213a and pSA30, a pACYC184 clone containing the nif HDK genes of Klebsiella pneumoniue .
Transfer of pRlo2037a to other rhizobia and Agrobacterium turnefaciens was achieved by inserting Tn5 (carrying the selectable markers KmR NmR) into it. Transfer of pRlo2037a into PN4100 and into R. rneliloti occurred at a fairly high frequency while transfer to R. legurninosarum and Agrobacteriurn was less frequent (Table 2) . In all cases, however, stable transconjugants were obtained and no loss of KmR NmR was detected after six months' storage and several transfers on nonselective media. A degree of incompatibility was apparent for pRlo2037a and pRlo2213a, as shown by the loss of pRlo2213a from several transconjugants. This suggests that pRlo2037a and pRlo2213a may be homologous for some regions.
As the nifgenes are believed to be closely linked to genes coding for nodulation functions in R. rneliloti (Banfalvi et al., 1981 ; Long et al., 1982) and R. legurninosarurn (Hombrecher et al., 1981) , it was perhaps not surprising to find that transfer of pRlo2037u to other rhizobia and to Agrobacteriurn did not confer upon these bacteria the ability to nodulate L. pedunculatus. This evidence, along with the failure of pRlo2037a to alter the Nod+Fix-phenotype of PN4100 (a derivative of NZP2213) on L. pedunculatus, suggests that pRlo2037a may lack nod as well as nif genes. However, it is also possible that transconjugants containing pRlo2037a failed to nodulate L. pedunculatus because of lack of expression of pRlo2037a in these bacteria. Although this possibility cannot be excluded, expression of Rhizobium plasmids in other unrelated rhizobia and agrobacteria has been reported. For example transfer of a plasmid carrying nifand nod functions (sym plasmid) from R. trifolii (Hooykaas et al., 1981) or R. rneliloti (Kondorosi et al., 1982) to A . turnefaciens resulted in A. tumefaciens transconjugants able to form Nod+Fix-nodules on Trifolium pratense and Medicago satiuu, respectively. Similarly, transfer of syrn plasmids from R. trifolii, R. legurninosarurn and R. meliloti to NZP2037 resulted in NZP2037 transconjugants able to form Nod+Fix-nodules on T. repens, Pisurn sativurn and M . saliva, respectively (C. E. Pankhurst, unpublished results). Plasmid gene interactions may be another problem resulting in lack of expression of foreign plasmid DNA in a new host bacterium. Evidence of plasmid interactions in the present work was shown by the possible cointegration of pRlo2037a with an indigenous plasmid in the R. legurninosarurn 6015 transconjugants and by the loss of pRlo2213a from several PN4100 transconjugants harbouring pRlo2037a.
Determinants for flavolan resistance [believed to be correlated with the Nod+ Fix+ phenotype of NZP2037 on L. pedunculatus (Pankhurst g? al., 1979 (Pankhurst g? al., , 1982 ] were also not present on pRlo2037a. This was indicated by the fact that PN4100 transconjugants containing pRlo2037a were as sensitive as the original parent strain NZP2213 to the L. pedunculatus root flavolan (Table 3) . To what extent absence of genes for flavolan resistance on pRlo2037a contributed to the Nod-phenotype of the R. leguminosarum, R. meliloti and A . tumefaciens transconjugants containing pRlo2037a is unknown. However, as sensitivity to the L. pedunculatus flavolan does not prevent NZP22I 3 from forming Nod+ Fix-nodules on this host, the absence of flavolan resistance genes on pRlo2037a should not have prevented the R. leguminosarum, R. meliloti and A . tumefaciens forming Nod+ Fix-nodules. Proof of the involvement of flavolan resistance in normal (Nod+ Fix+) nodule development by NZP2037 on L. pedunculatus and a possible linkage between flavolan resistance and nod genes must await the positive identification of these genes in NZP2037.
